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Acute Effects of Instructed and
Self-Created Variable Rope Skipping
on EEG Brain Activity and Heart Rate
Variability
Alexander John* and Wolfgang I. Schöllhorn
Institute of Sport Science, Training and Movement Science, University of Mainz, Mainz, Germany
The influence of physical activity on brain and heart activity dependent on type and
intensity of exercise is meanwhile widely accepted. Mainly cyclic exercises with longer
duration formed the basis for showing the influence on either central nervous system
or on heart metabolism. Effects of the variability of movement sequences on brain
and heart have been studied only sparsely so far. This study investigated effects of
three different motor learning approaches combined with a single bout of rope skipping
exercises on the spontaneous electroencephalographic (EEG) brain activity, heart rate
variability (HRV) and the rate of perceived exertion (RPE). Participants performed
repetitive learning (RL) and two extremely variable rope skipping schedules according
to the differential learning approach. Thereby one bout was characterized by instructed
variable learning (DLi) and the other by self-created variable learning (DLc) in randomized
order each on three consecutive days. The results show higher RPE after DLi and
DLc than after RL. HRV analysis demonstrates significant changes in pre–post exercise
comparison in all training approaches. No statistically significant differences between
training schedules were identified. Slightly greater changes in HRV parameters were
observed in both DL approaches indicating a higher activation of the sympathetic
nervous system. EEG data reveals higher parietal alpha1 and temporal alpha2 power in
RL compared to both DL schedules immediately post exercise. During the recovery of up
to 30 min, RL shows higher temporal and occipital theta, temporal, parietal and occipital
alpha, temporal and occipital beta and frontal beta3 power. In conclusion, already a
single bout of 3 min of rope skipping can lead to brain states that are associated
with being advantageous for cognitive learning. Combined with additional, cognitively
demanding tasks in form of the DL approach, it seems to lead to an overload of the
mental capacity, at least on the short term. Further research should fathom the reciprocal
influence of cardiac and central-nervous strain in greater detail.
Keywords: EEG, learning method, physical activity, acute effects, HRV, recovery, differential learning
INTRODUCTION
Analyzing effects of physical activity (PA) on cognition or related brain activity has received
increasing interest over the past decades (Etnier et al., 1997; Crabbe and Dishman, 2004;
Chang et al., 2012b; Cox et al., 2016). Beside aerobic exercise (Tomporowski, 2003; Schneider
et al., 2009a,b; Brümmer et al., 2011a; Ludyga et al., 2016a) researchers have been investigating
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the effects of resistance exercises (Chang et al., 2012a, 2014) and
exercises that involve more cognitive demands (Budde et al.,
2008; Lambourne and Tomporowski, 2010; Pesce and Audiffren,
2011; Pesce, 2012). Hereby the focus was in majority on the
behavioral effects of acute (Tomporowski, 2003; Crabbe and
Dishman, 2004; Budde et al., 2008; Schneider et al., 2009a,b;
Brümmer et al., 2011a; Pesce and Audiffren, 2011; Chang et al.,
2012a, 2014; McMorris et al., 2015), and chronic exercise (Etnier
et al., 1997; Cox et al., 2016) dependent on the intensity, duration
and type of movement. Hereby effects of acute exercise are
understood as the reactions on a single bout of PA. In the chronic
case, the effects on repeated, specific PA mostly over a period of
more than 1 week or PA already integrated into everyday life are
meant. At least the minimum duration of coordinative exercise
lasted about 10 min (Budde et al., 2008) and in case of aerobic
work the minimum duration was about 20 min (Lambourne and
Tomporowski, 2010). Quite recently the studies became more
concentrated on the consequences of PA on brain activity.
For scrutinizing the brain activity in connection with whole
body movements, EEG is preferably applied. Typically the EEG-
signals are decomposed into frequency bands ranging from
delta to gamma bands. The delta band (1–4 Hz) oscillations
span a rather wide region of neural networks possibly in an
inhibitory manner as during sleep (Harmony, 2013). They are
also observed during motivational (Knyazev, 2012), attentional
(Lakatos et al., 2008; Schroeder and Lakatos, 2009) as well as
in concentration processes located in frontal regions (Harmony,
2013). With respect to motor control, delta and theta band
activity increases during movement preparation as well as after
movement inhibition (Savostyanov et al., 2009). The theta
band (4–7.5 Hz) is often associated with the modulation of
short-term memory tasks (Klimesch, 1999). The appearance of
theta frequencies in the frontal–central areas has been seen
when tasks related to working memory processing (Grunwald
et al., 1999; Hsieh and Ranganath, 2014) and cognitive control
(Cavanagh and Frank, 2014; Cavanagh and Shackman, 2015)
were given. Related to motor control, better performance in golf
sport and rifle shooting was related to higher fronto-midline
theta and higher parietal upper alpha power (Baumeister et al.,
2008; Doppelmayr et al., 2008). Increment of theta activity
above resting levels was shown at higher workloads during a
graded cycling exercise and at exhaustion (Bailey et al., 2008).
The alpha frequency band (8–13 Hz) more often correlates
positively with the processing speed of information (Klimesch,
1999). More power in the lower alpha band is measured with
respect to attentional demands (Klimesch et al., 1993). The
upper alpha band is frequently connected with processing of
semantic information (Klimesch, 1999). Alpha activity also seems
to be increased during short- and long-term memory processes
as well as during working memory processes (Basar et al.,
1997). However, the effects of PA on the alpha frequency band
are widely inconsistent (Cheron et al., 2016). On one side a
reduction of alpha power after PA was found (Mechau et al.,
1998; Doppelmayr et al., 2008; Schneider et al., 2009b; Ludyga
et al., 2016b) and on the other side an increase (Mechau et al.,
1998; Bailey et al., 2008; Schneider et al., 2009b; Brümmer
et al., 2011b) of alpha power was measured. Beta frequency
band (13–30 Hz) seems to play a central role in processing of
sensorimotor information (Cheron et al., 2016) and hence to
maintain the status quo (Engel and Fries, 2010). Additionally,
increasing beta power is involved in conscious thinking as well as
in problem solving processes especially in frontal–central areas
(Malik and Amin, 2017). With respect to functional separation
in sub-bands (Abhang et al., 2016), beta1 activity (12–15 Hz) is
seen in connection with focused and introverted concentration.
Beta2 activity (15–21 Hz) can be associated with an increment of
anxiety and performance. Even higher levels of anxiety, serious
stress and high arousal are described in connection to beta3
activity (18–40 Hz) (Abhang et al., 2016). Low beta frequency
(13–20 Hz) in the sensorimotor area seems to be connected
to sympathetic activity regulating heart rate (Triggiani et al.,
2016). Regarding physical exercise, fine motor movement caused
a decrease of beta power in primary motor cortex (Kuo et al.,
2014). Also preparation and execution of more complex grasping
movements were defined by a reduction of beta power in centro-
parietal areas (Zaepffel et al., 2013). During steady contractions,
beta activity is enhanced in all motor areas (Baker, 2007).
Gamma frequency (30–70 Hz) is related to object representation
(Herrmann et al., 2004) and is involved in processes related to
attention, working and long-term memory (Jensen et al., 2007;
Malik and Amin, 2017). Furthermore conscious perception is
linked to gamma activity. During the preparation and execution
of movements gamma activity is promoted in the motor cortex
(Schoffelen et al., 2005). In this study, we focus on the analysis of
theta, alpha, beta, and gamma frequency bands.
Because of the sensitivity of EEG-signals on vibrations,
a multitude of stimuli and noise during complex whole body
movements, EEG in these situations is quite frequently measured
immediately after the performance in a quasi-static situation.
Instantaneous measurement of post-task effects provides insight
into the process of motor consolidation due to existing local
phenomena immediately after task execution (Tanaka et al.,
2011; Buschkuehl et al., 2012; Crupi et al., 2013). These
phenomena seem to be dependent on the type of task and
location of the cortex (Landsness et al., 2011; Perfetti et al.,
2011). Only for difficult tasks an increase in alpha activity was
shown in the cortical area relevant for task execution (Osaka,
1984). Independent of task difficulty, higher alpha and theta
power in frontal and posterior regions were found during a
fine motor movement like in a sequence learning task. After
sequence learning, post-task effects revealed higher alpha power
in occipito-parietal areas. Based on these results, the process of
learning is seen in a certain correlation with changes in frontal
theta and an increment of alpha activity in occipito-parietal areas
(Moisello et al., 2013). Transferability of post-task traces in case
of motor learning was shown by changes in primary motor and
sensory areas after fine motor tasks (Ghilardi et al., 2000).
With respect to the duration of exercises, 21–60 min of
running in low intensity with a mean of 39.9, SD 11.4 min
and 50–55% of individual aerobic maximum capacity (VO2max)
resulted immediately after exercise in short-term increased
electroencephalographic (EEG) alpha1 power in parietal and
occipital areas. High intensity running with a mean of 38.1,
SD 11.1 min and 80–85% of VO2max induced a reduction of
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EEG alpha1 activity up to 15 min post-exercise (Schneider et al.,
2009a). The influence of the familiarity of cyclic exercises on EEG
(Schneider et al., 2009b; Brümmer et al., 2011a) was investigated
by comparing effects of running, bicycle riding, or arm cranking
with moderate (50% VO2max) and high (80% VO2max) intensity
for overall 30 min (Brümmer et al., 2011a). After moderate
intensity, higher EEG alpha activity in somatosensory was found
for familiar movements and after unfamiliar movement types in
emotional brain areas. In high intensity exercise only treadmill
running, i.e., most familiar mode of movement, was followed by
a decrease of beta frequency in the frontal cortex (Brümmer et al.,
2011a).
Previous studies mainly focused on the effects of specific
movements on brain activation. The influence of movement
sequences or variations in movement order on electrical brain
activity is widely neglected. Here movement sequences are
understood in a way used in different motor learning approaches.
Most recently a few fMRI studies on fine motor skills provided
a first hunch about the areas of activation dependent on the
acquisition schedule of sequential fine motor skills (Lage et al.,
2015). A moderating role in the acquisition of movements
is also assigned to the colloquial complexity of movements
(Tomporowski and Pendleton, 2018). The influence of different
motor learning approaches related to the amount of coordinative
variability on electrical brain activity has been rarely investigated
(Henz et al., 2018). By means of a within-subject design effects of
a single, more coordinative demanding 20-min bout, badminton
serves (below than 10%-VO2max) according to repetition
learning (RL) and differential learning (DL) were investigated
(Henz and Schöllhorn, 2016). DL (Schöllhorn, 2000) is based
on principles of dynamic systems (Haken, 1970; Glansdorff and
Prigogine, 1971; Haken et al., 1985) and neurophysiology (Kandel
et al., 1995). DL mainly relies on the fact that only differences
allow learning. In contrast to traditional learning, DL considers
errors no more as destructive for learning progress but rather as
essential fluctuations in living systems that have a constructive
influence on learning. Especially, when these fluctuations are
increased, the system becomes more instable and less energy is
needed for the initiation of self-organized, optimized learning
(Schöllhorn et al., 2006, 2009b; Frank et al., 2008). For analyzing
the different effects of repetitive and differential schedules,
sessions were performed consecutively on 1 day in randomized
order and EEG brain activity was measured before and after.
The results showed enhanced frontal theta activity and occipito-
parietal and central alpha activity following DL compared to
RL (Henz and Schöllhorn, 2016). In a follow-up study (Henz
et al., 2018) subjects performed two DL realizations (gradual
and chaotic), contextual interference learning (CI) (Magill and
Hall, 1990; Wright et al., 2016) and RL in the same setup
as in Henz and Schöllhorn (2016). All four motor learning
approaches were conducted in randomized order on a single
day. CI mainly describes an effect (Magill and Hall, 1990; Brady,
2004; Wright et al., 2016) that is observable when more than
one fine motor skill is practiced in a random or serial order.
During acquisition the performance is interfered, while after
a retention period, during actual learning phase, performance
is ameliorated. In difference to DL, errors are to be avoided
in CI. Therefore, gradual DL was characterized by systematic
and mainly expectable variations between subsequent tasks. For
example, consecutive task instructions could have been variations
in left wrist joint followed by changes in right wrist joint and
afterward in right elbow joint. In contrast chaotic DL was based
on a random task order with a much smaller predictability for
the subsequent movement task (Schöllhorn, 2016). Exemplarily,
a chaotic DL schedule could have contained a task sequence
of one variation in the left wrist joint, followed by one in the
right knee joint, and then by one in the left shoulder joint.
Thus a higher degree of unpredictability in chaotic than in
gradual DL can be assumed. Similar to the previous study,
increased theta and alpha power after both DL methods were
identified in somatosensory regions in comparison to RL and CI.
Furthermore, chaotic DL resulted in increased theta and alpha
activity in motor areas compared to gradual DL and CI. These
outcomes were interpreted as an advantageous activation of the
somatosensory and motor areas by DL in contrast to RL, probably
due to a larger demand of the motor and somatosensory system
during DL practice (Henz et al., 2018). From a functional point
of view theta and alpha frequency in somatosensory and motor
areas are suggested to be positive indicators of motor learning
processes (Moisello et al., 2013). In consequence it may be
argued motor learning is ameliorated after DL practice. However,
all variants of exercises for the DL schedules were instructed
and the load on metabolism was low due to the breaks of
approximately 10–20 s between the executions of two subsequent
variants.
When the effects of learning a bimanual visuo-motor task on
brain activity were investigated with regard to the CI paradigm
(Pauwels et al., 2018), somehow different results were observed.
The study revealed increased brain activity in sensorimotor-
related brain regions in blocked compared to random practice.
But as a consequence of repeated practice sessions, brain activity
of blocked condition decreased and of random practice remained
constantly or even increased. After random practice, brain
regions related to visual processing were activated in a greater
way than after blocked practice (Pauwels et al., 2018).
On a rather phenomenological level several studies have
indicated different effects of different motor learning approaches
on performance and skill acquisition, especially when RL and DL
was compared (Serrien et al., 2018). In experiments on technical
skills in team (Schöllhorn et al., 2004; Humpert and Schöllhorn,
2006; Wagner and Müller, 2008; Römer et al., 2009; Hegen
and Schöllhorn, 2012) and individual sports (Beckmann and
Schöllhorn, 2006; Schöllhorn et al., 2009a) DL resulted in higher
acquisition and learning rates than RL. Effects of DL on cyclic
movements (Schöllhorn et al., 2009a; Savelsbergh et al., 2010)
have rarely been investigated, neither on coordinative aspects
nor on metabolism. It remains unclear whether the effects of DL
in acyclic exercises will be the same in cyclic exercises with a
completely different demand of metabolism in connection with
cognitive effort. Additionally, the reasons of evoked effects due
to DL are still not clearly explained and therefore the research
of DL effects on metabolism and neurophysiological aspects is
fostered. Furthermore, due to the methodical standardization of
the interventions, the studies on DL were so far characterized by
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exactly instructed movement executions. DL training with self-
created variations as a didactical alternative for causing instability
during the acquisition process was not a scientific objective yet.
Here instability is understood as a transition between to stable
states with increased fluctuations according to dynamic system
principle (Schöllhorn, 2000).
The aim of this study was the investigation of the neuro-
physiological and metabolism effects of different amounts of
coordinative variants within a cyclic exercise. Therefore, the
electrical brain activity (EEG) and the heart rate variability (HRV)
were compared directly before and after rope skipping. Beside the
comparison with the effects on RL, one condition of DL exists
of receiving instructions about all exercises whereas the other
is free in finding variations by themselves. We assumed rope
skipping as an exercise with moderate to high intensity dependent
of movement duration. Based on the selected study design, rope
skipping was expected to be more likely a high intensity activity.
We hypothesized, according to the results of a previous study
after high intensity running (Schneider et al., 2009a) less reduced
alpha1 activity after rope skipping due to the clearly shorter
exercise duration. With regard to the comparison of different
motor learning approaches (Henz and Schöllhorn, 2016; Henz
et al., 2018), we presumed higher theta and alpha activity in
somatosensory and motor areas following DL compared to RL
after rope skipping. Concerning HRV, we expected a decrease in
HRV after DL rope skipping because of predetermined similar
heart rates and additional mental load. RPE and especially mental
effort were assumed to be higher after both DL sequences as a
result of additional mental effort due to various, coordinative task
executions.
MATERIALS AND METHODS
Participants
The sample consisted of 10 healthy male volunteers, aged
between 19 and 31 with a mean of 24.6, SD 3.31 years to
reduce gender and age differences on brain (Wada et al.,
1994; Wackermann and Matousek, 1998) and heart activity
(Umetani et al., 1998; Kuo et al., 1999). All participants fit the
neurologically necessary condition of the same handedness to
compare brain activity (Serrien et al., 2006; Sun and Walsh, 2006).
Right-handedness was selected as a study participation criterion
to facilitate acquisition of possible participants. Volunteers
classified themselves as neurologically and cardiologically healthy
and mentioned no related medical pre-existing conditions.
Physical or cerebral activity influencing substances (Zschocke
and Hansen, 2012) have not been consumed at least 24 h
before the measurement dates. All subjects confirmed to be
able to perform classical rope skipping. Subjects gave their
written informed consent for study participation. Participants
were coded with numbers for anonymity of personal data.
Table 1 gives an overview of the included demographic and
lifestyle variables. Ethical standards were complied under the
terms of the local institutional ethics committee. The study has
been carried out in accordance with the Declaration of Helsinki
(2013).
TABLE 1 | Demographic and lifestyle variables.
Variables Type of evaluation
Gender Male/female
Birth date Month and year
Neurological impairment Yes/no
Cardiological impairment Yes/no
Right-handedness Yes/no
Ability to perform classical rope skipping Yes/no
Dependent of experiment day (last 24 h):
Alcohol consumption Yes/no, if yes, how much?
Medication Yes/no, if yes, kind and dosage
Coffee Yes/no, if yes, how much?
Variables used to evaluate participants demographic and lifestyle facts.
Study Design and Procedure
The study was conducted at the Sports Institute of the
Johannes Gutenberg University of Mainz. With a within-subject
design the effects of three different coordination related motor
learning approaches were investigated. EEG brain activity and
electrocardiography (ECG) HRV were chosen as measurement
parameters for cognitive and physical performance. Secondary
criteria were the subjective state, determined by assessing the
Borg scale of perceived exertion (RPE) (Borg, 1982) and mental
as well as physical effort, which was rated each on a scale
division of integer numbers from 0 to 10. Furthermore, the
grade of wellbeing, concentration and sleep were assessed via
a classification to good, moderate or bad. Information of
the last activity before the test was acquired via individual
response of the participants. The measurements were carried out
under laboratory conditions. Changes in brightness, volume and
temperature were standardized or kept to a minimum.
On three consecutive days one single motor learning approach
was conducted in a single bout, subject dependent each day at the
same time, 24 h intermission, to reduce time dependent effects
(Gundel and Hilbig, 1983; Laitinen et al., 1998). The sequence of
motor learning approaches was randomized.
The current subjective state of every participant was identified
each session by means of the perceived exertion as well as the
grade of wellbeing, concentration, sleep, and the last activity
before the test.
The procedure of each day (Figure 1) was defined by the
measurement of spontaneous EEG activity with eyes open and
ECG heart activity for 5 min just before the training bout at rest.
The training bout contained 3 min of rope skipping according
to one of the motor learning approaches under measurement of
ECG activity. This duration was chosen empirically to achieve
moderate to high metabolism intensity, which may produce
greatest changes in brain activity (Bailey et al., 2008), and to
avoid extreme physical exhaustion. Immediately afterward, the
recovery process was assessed during 30 min at rest in 5-min
intervals, with EEG brain and ECG heart activity measurement.
A mean duration of 109, SD 26 s was needed before recovery
measurement started. Perceived exertion was rated after each
part of the test procedure, particularly every 5 min in post rest
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FIGURE 1 | Test procedure.
measurement. Measurements before and after rope skipping were
conducted sitting on an immobile chair with eyes open and
watching a smiley picture, fixed on head height in a few meters
distance on the wall. Subjects were asked to sit comfortable, but
also to minimize their head and eye movements.
Apparatus
Motor Learning Approaches
The three different interventions were defined as the DL with
(DLi) and without task instruction (DLc) as well as RL. DL
training in general applies movement variations to foster a self-
organized learning process by making the system instable by
increased fluctuations, which is suggested to help finding an
individually optimized solution for a certain physical exercise
problem that have to be adapted situationally. Furthermore,
no repetition of an ideal, to-be-learned movement execution is
recommended and in consequence no error correction has to
be given (Schöllhorn, 2000). Regarding consecutive movements
in this study the chaotic DL approach was chosen for DLi and
DLc to probably achieve greater effects on the brain activity in
comparison to gradual DL as had been observed earlier (Henz
et al., 2018). To assure high probability of continuous rope
skipping without many interruptions, movement variations were
conducted with changes only in one movement parameter, i.e.,
changing only a single joint position or movement. DLi consisted
of rope skipping under fast, continuous verbal instructions of
different, non-repeated movement tasks (e.g., one-leg jump, rope
movement only caused by elbows, rope skipping with head
circling or with bent torso) presented by the examiner. The speed
of task instructions was set to enable one movement variation
per maximally two beats. In case of interruptions of the skipping
rhythm, a new task instruction was given for the restart of the
movement. Subjects were obliged to perform during DLc as much
variations of rope skipping as possible, created by themselves. In
both DL approaches repetition of movement variations should
be avoided. RL was common, repetitive rope skipping with a
frequency of 120 beats per minute (2 Hz) and one feet contact
per beat in order to homogenize physical (cardiac) exertion in
all motor learning approaches according to exhaustion influence
on brain activity and cognitive performance (Coe et al., 2006;
Hillman et al., 2008) as well as on the cardiovascular system
(Kupari et al., 1993; Dong, 2016). Rope skipping was performed
with a steel rope including bearing that was individually adjusted
to the anthropometric measures of the subject.
Electroencephalography
Spontaneous resting EEG was assessed by means of the EEG-
system Micromed SD LTM 32 BS (Venice, Italy) with a sampling
rate of 1024 Hz and recorded by the international 10-20 system
using 19 electrodes, including Fp1, Fp2, F7, F3, Fz, F4, F8,
T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, and O2. EEG
was recorded before and after training sessions at rest. For
all EEG measurements a homogeneous and low impedance
(<10 k) of the electrodes in all points was sought. Spectral
power was calculated for the theta (4–7.5 Hz), alpha (8–13 Hz),
alpha1 (8–10 Hz), alpha2 (10–13 Hz), beta (13–30 Hz), beta1
(13–15 Hz), beta2 (15–21 Hz), beta3 (21–30 Hz), and gamma
(30–70 Hz) band. The conduction of brain activity was unipolar
with grounding on the nose. Furthermore, a two channel electro-
oculogram with electrodes at the medial upper and lateral orbital
rim of the right eye was applied. Data were recorded by means
of a commercially available software (SystemPlus Evolution –
Micromed, Venice, Italy). A first order IIR high pass (0.008 Hz)
and a second order IIR low pass (120 Hz) filter was used.
Electrocardiography
Electrocardiography was assessed by means of an ECG-recorder
(m4medical M-Trace PC) with a sampling rate of 500 Hz and
recorded by the international 12-lead derivation. Electrodes of
the Einthoven limb leads were placed on both sides of the
body one lateral, directly below the clavicle and the other
lateral, directly below the costal arch to reduce artifacts during
movement. Electrodes of the precordial leads were placed
according to the standard location of Wilson et al. (1944). ECG
was recorded during the whole test procedure by means of the
software Kaunas Load software W04 (Kaunas, Lithuania).
Borg Scale of Perceived Exertion and Mental and
Physical State
The Borg rating of perceived exertion scale (RPE) was used
to evaluate the exertion level right before the training session
and directly afterward for a duration of 30 min. During the
30 min every 5 min the exertion level was rated. Subjects read
an instruction of RPE 1 day and directly prior to the first
measurement to ensure reliable exertion output.
Mental and physical exertion, based on subjective expression
of the participants, was documented like the Borg scale right
before and after every motor learning approach. This was
operationalized using a scale division of integer numbers from
0 for low to 10 for high exertion.
Data Analysis
Throughout the analysis, a significance level of five percent
(p < 0.05) was determined. The recorded measurements of
brain activity were statistically analyzed by means of MATLAB-
based software EEGLAB 14_1_1b (MathWorks, United States;
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Swartz Center of Computational Neuroscience, San Diego,
CA, United States). Data of ECG, specifically HRV were
computed by means of MATLAB-based software Kubios HRV
2.2 (Finland) and afterward statistically analyzed by means of
the software SPSS 23 (IBM, United States). All variables were
tested on standard normal distribution by Shapiro–Wilk test.
Depending on the test decision, subsequent tests were calculated
either via non-parametric or parametric statistical methods.
Descriptive statistics were generated for every sub-region of
analysis (Table 2). All other measured data were entered into
SPSS.
Psychological State
The output of the variables general well-being, sleep of the
previous night and current concentration were transformed into
a scale of integer numbers, ranging from 0 for bad, 1 for
moderate, to 2 for good. Variables were analyzed by Friedman test
differentiating between motor learning approaches. Data of last
activity right before each session was scaled in three categories,
cognitively and physically demanding as well as without request,
and a frequency scale was computed.
Electroencephalography
Spectral analysis was used as assessment and interpretation
method of EEG data (Zschocke and Hansen, 2012). For each
EEG frequency band, theta, alpha, beta and gamma, as well
as the respective sub-bands, mean power spectrum of the
EEG signal was created by Fast Fourier Transformation with
a window size of 1 s and 50% window-overlap. Furthermore,
an independent component analysis (ICA) (Makeig et al.,
1996) was conducted via EEGLAB. Recurring artifacts, such
as eye closing, eye movement, and muscular artifacts were
filtered by reducing interference-prone components. After
visual inspection of the complete recordings individually
occurring, abnormal interferences of the electric potential were
eliminated.
For statistical examination, repeated-measure ANOVAs with
the within-subject factor defined as motor learning approach (RL,
DLi, DLc) were conducted separately for each frequency band
and time of measurement (pre rest, 1. post rest 5 min – 6. post
rest 5 min). Consecutively to all ANOVAs, post hoc t-tests with
Bonferroni correction were calculated for pairwise comparison of
power spectrum between motor learning approaches. A repeated-
measure ANOVA including the within-subject factors as motor
learning approach and time of measurement (pre rest, 1.
post rest 5 min) was calculated for each frequency band
to examine the acute effect of the rope skipping exercise.
Post hoc t-tests with Bonferroni correction were performed to
compare pre rest to post rest power spectrum of each single
motor learning approach. For statistical examination analysis
of variance included post hoc test with Bonferroni correction
was conducted. The results were interpreted on the basis of the
electrode positions on the scalp according to the Brodmann-areas
(Bähr and Frotscher, 2009; Zschocke and Hansen, 2012) and
relying on specific functions in connection with the frequency
bands.
Electrocardiography
Heart rate variability was used as assessment and interpretation
method of ECG data. For analysis the second lead (electrode
below the right clavicle to electrode below the left costal arch)
of the 12-lead derivation was used. Via Kubios HRV, ECG data
was inserted and computed for the time intervals of the test
procedure. First, correct RR detection was proofed via visual
inspection of ECG raw signal and incorrect or missing detection
was adjusted. Artifact correction tool was used to eliminate
artifacts of RR data. Over all measurements artifact reduction
was <5% of total data. Detrending of RR data was conducted
applying the method Smooth Priors with λ = 380, resulting in a
cut-off frequency of 0.040 Hz (Tarvainen et al., 2002). Frequency
analysis was calculated via Fast Fourier Transformation with
Welch’s periodogram method and interpolation rate of 4 Hz,
window-width of 120 s and window-overlap of 75%.
Time domain (mean RR, mean HR, SDNN, RMSSD, NN50,
pNN50), frequency domain of low frequency (LF, 0.04–0.15 Hz)
and high frequency (HF, 0.15–0.4 Hz) (power, power %, LF/HF
ratio), and non-linear method parameters (Poincaré SD1 and
SD2, DFA α1) were analyzed (Shaffer and Ginsberg, 2017). Mean
RR is defined as the arithmetic mean of the time between
two consecutive R-peaks of the ECG signal. SDNN, standard
deviation of normal sinus beat intervals, is an indicator of
sympathetic (SNS) and parasympathetic nervous system (PNS)
activity. RMSSD stands for root mean square of successive
differences between normal heart beats and informs about the
beat-to-beat variance in HR and is typically taken for the
evaluation of the PNS influence on HRV changes. NN50 is a
marker of PNS activity and counts the amount of adjacently
normal beat-to-beat intervals with a difference of more than
50 ms to each other. pNN50 expresses the percentage of NN50 in
comparison to all NN intervals. LF power is defined as the power
of HRV-activity with a frequency of 0.04–0.15 Hz and is mainly
associated with the activity of the SNS and PNS. HF power reflects
primarily the PNS activity. Power % describes the percentage
of LF or HF power. LF/HF ratio is the proportion of LF to
HF power. Lower ratio indicates PNS dominance, higher ratio
relates to SNS dominance. Poincaré SD1 calculates the standard
deviation of the ellipse’s width of the Poincaré plot. It is taken as
an indicator of short-term HRV and correlates with HF power.
Poincaré SD2 measures the standard deviation of the ellipse’s
length, provides information about short and long term HRV,
and correlates with LF power. DFA α1, detrended fluctuation
analysis slope α1 describes short-term fluctuations via extracting
the correlations of adjacent RR intervals over various time scales
(Shaffer and Ginsberg, 2017).
Calculated parameters were inserted in SPSS to analyze
effects dependent of motor learning approaches. Via repeated-
measure ANOVAs with the within-subject factor defined as
motor learning approach (RL, DLi, DLc), effects of each standard
distributed variable according to all times of measurement
(pre rest, post, 1. post rest 5 min – 6. post rest 5 min)
were examined. Conforming to non-standard distributed data,
relevant variables were analyzed by Friedman test. Consecutively
to all ANOVAs, post hoc t-tests with Bonferroni correction
and subsequently to all Friedman tests, Wilcoxon tests were
Frontiers in Behavioral Neuroscience | www.frontiersin.org 6 December 2018 | Volume 12 | Article 311
fnbeh-12-00311 December 7, 2018 Time: 16:19 # 7
John and Schöllhorn Electrophysiological Effects of Variable Exercise
TABLE 2 | Descriptive statistics of selected variables.
RL DLc DLi
Borg scale Pre 6.6 ± 1.3 6.9 ± 1.9 6.8 ± 1.3
(6 ≤ x ≤ 20) Post∗ 11.6 ± 2.3 14.1 ± 1.8∗∗RL 13.1 ± 2.2∗RL
5 min 8.6 ± 2.4 8.8 ± 2.6 9.0 ± 2.2
30 min 6.8 ± 1.3 6.6 ± 1.3 6.9 ± 1.7
Mental effort Pre 1.0 ± 0.8 1.5 ± 1.4 1.1 ± 1.1
(0 ≤ x ≤ 10) Post∗ 3.1 ± 1.7 5.3 ± 1.9∗RL 5.3 ± 1.9∗RL
5 min 1.7 ± 1.7 1.9 ± 1.4 2.1 ± 1.6
30 min 1.4 ± 2.8 0.8 ± 0.9 1.6 ± 2.2
Physical effort Pre 0.4 ± 0.7 0.7 ± 1.3 0.7 ± 0.9
(0 ≤ x ≤ 10) Post 5.0 ± 2.1 5.6 ± 1.2 5.4 ± 1.7
5 min 2.1 ± 2.0 2.3 ± 1.8 2.4 ± 1.8
30 min 0.5 ± 0.7 0.5 ± 0.8 0.7 ± 1.1
Heart rate variability
Mean heart rate Pre 66.6 ± 9.7 68.3 ± 10.7 67.3 ± 8.0
(bpm) Exercise 149.5 ± 15.0 154.6 ± 11.2 155.8 ± 11.3
5 min 81.4 ± 19.6 85.9 ± 20.5 85.8 ± 17.0
30 min 81.3 ± 14.4 82.7 ± 12.7 83.1 ± 11.5
Mean RR Pre 922.9 ± 121.7 905.8 ± 133.9 909.9 ± 101.5
(ms) 5 min 771.5 ± 133.9 741.2 ± 177.0 730.8 ± 140.6
30 min 760.3 ± 109.2 744.9 ± 106.9 737.2 ± 91.0
SDNN Pre 59.8 ± 18.7 70.6 ± 20.9 70.6 ± 26.2
(ms) 5 min 51.6 ± 35.0 43.8 ± 34.1 50.4 ± 47.6
30 min 45.0 ± 23.5 48.1 ± 26.8 44.8 ± 17.3
RMSSD Pre 61.4 ± 26.3 66.8 ± 26.4 70.0 ± 33.3
(ms) 5 min 56.4 ± 47.5 44.5 ± 43.0 53.4 ± 62.3
30 min 34.3 ± 21.3 39.3 ± 30.3 33.2 ± 17.9
NN50 (pNN50) Pre 106.6 ± 61.3 (34.9 ± 23.0) 121.7 ± 59.3 (39.0 ± 21.9) 126.4 ± 54.4 (39.9 ± 20.0)
[# (%)] 5 min 67.4 ± 69.1 (19.4 ± 21.0) 56.8 ± 65.4 (17.2 ± 22.5) 59.2 ± 78.4 (17.2 ± 24.0)
30 min 43.6 ± 44.7 (12.4 ± 13.6) 54.0 ± 56.6 (15.2 ± 16.5) 44.1 ± 43.0 (11.8 ± 11.5)
LF power Pre 1720.6 ± 1893.1 (48.8 ± 21.1) 2937.6 ± 2950.2 (50.6 ± 22.9) 3262.1 ± 4528.9 (53.0 ± 19.9)
(ms2) (%) 5 min 1611.9 ± 1816.7 (53.2 ± 20.0) 1003.7 ± 1335.3 (52.7 ± 22.1) 1847.4 ± 3003.2 (53.1 ± 19.3)
30 min 2020.3 ± 1960.4 (71.9 ± 12.3) 1956.0 ± 2303.6 (68.8 ± 21.2) 1574.8 ± 1448.3 (70.8 ± 18.5)
HF power Pre 1696.9 ± 1328.7 (48.2 ± 22.4) 2324.9 ± 1547.4 (47.0 ± 23.7) 2253.2 ± 1874.4 (45.2 ± 19.8)
(ms2) (%) 5 min 1950.0 ± 2672.2 (42.9 ± 20.8) 1374.2 ± 2561.4 (43.4 ± 22.8) 2940.9 ± 5977.9 (42.8 ± 21.4)
30 min 705.6 ± 853.6 (23.9 ± 12.6) 1066.5 ± 1424.5 (27.6 ± 21.8) 613.9 ± 614.4 (25.8 ± 17.8)
LF/HF ratio Pre 1.4 ± 1.0 2.1 ± 2.6 2.3 ± 3.7
5 min 1.9 ± 1.8 2.1 ± 2.2 1.9 ± 1.5
30 min 4.6 ± 3.9 4.8 ± 3.9 4.6 ± 3.6
Poincaré SD1 Pre 43.5 ± 18.7 47.3 ± 18.7 49.5 ± 23.6
(ms) 5 min 39.9 ± 33.6 31.5 ± 30.5 37.8 ± 44.1
30 min 24.3 ± 15.1 27.8 ± 21.4 23.5 ± 12.7
Poincaré SD2 Pre∗ 71.9 ± 21.4 87.1 ± 25.9 85.8 ± 31.8
(ms) 5 min 60.3 ± 37.6 52.6 ± 38.4 59.8 ± 51.8
30 min 58.7 ± 29.9 61.6 ± 32.4 58.5 ± 21.9
DFA alpha1 Pre 0.9 ± 0.3 1.0 ± 0.3 1.0 ± 0.3
5 min 1.0 ± 0.3 1.1 ± 0.4 1.1 ± 0.3
30 min 1.4 ± 0.2 1.3 ± 0.3 1.3 ± 0.3
Columns defined by motor learning approaches, rows defined by selected variables, mean ± SD, ∗ signifies significant intergroup difference, ∗RL signifies significant
difference to RL motor learning approach, ∗∗RL p < 0.01.
calculated for pairwise comparison of HRV variables between
motor learning approaches. To analyze the acute effect of the
rope skipping exercise, a repeated-measure ANOVA containing
the within-subject factors as motor learning approach and time
of measurement (pre rest, 1. post rest 5 min) was calculated for
each variable. Post hoc t-tests with Bonferroni correction as well
as Wilcoxon tests were performed to compare pre rest to post rest
effects of each single motor learning approach.
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Borg Scale of Perceived Exertion and Mental and
Physical State
According to non-standard distributed data, non-parametric
Friedman test was conducted to analyze effects between all three
motor learning approaches for each measurement. For post hoc
comparison of two motor learning approaches Wilcoxon test was
applied.
RESULTS
Table 2 displays the descriptive results of selected variables.
Psychological State
Statistical analysis of questionnaire data yielded a no significant
effect of well-being between motor learning approaches
[χ2(2) = 2.667, p = 0.264]. The evaluation of last night’s sleep
[χ2(2) = 0.500, p = 0.779] and the ability to concentrate
[χ2(2) = 5.200, p = 0.074] led also to no significant differences
between motor learning approaches. Frequency scale of ‘last
activity right before each session’ showed no noteworthy
differences between motor learning approaches.
Electroencephalography
Table 3 displays an overview of significant differences in
EEG brain activity between the training approaches and the
parameters of statistical analysis.
EEG data comparing the three different sessions revealed no
significantly increased power in any frequency band before rope
skipping at rest.
No significant changes in comparison of power spectrum
before and directly after rope skipping were found in any
motor learning approach. An illustration of this comparison has
been spared out of clarity reason due to the three initial test
measurements and their individual differentiation of frequency
bands. No significant differences between schedules DLi and DLc
in any measurement were identified.
After rope skipping, in the first 5 min of recovery alpha1 in
electrode P3 and alpha2 power in electrode T5 showed significant
effects between all motor learning approaches with higher power
in RL (Figure 2). Comparing two training schedules in the first
5 min, just DLi and RL led to a significant difference of alpha and
alpha2 power in electrode T5, allocating higher power in RL.
No significant difference was detected in the second 5-min
interval.
In the third rest interval (15 min) a significant difference of
theta activity in O1 and of beta3 activity in F3 electrode between
all training schedules with higher power in RL was found. In
comparison of DLi and RL, power of DLi was significant lower
in electrodes P3 alpha, alpha2, beta1 and beta2, and F3 beta3
frequency.
Analysis of fourth rest interval (20 min) resulted in an overall
approach dependent significant difference in beta1 activity in
electrode O1. A significant difference between DLc and RL in beta
and beta2 activity in electrode T5, and between DLi and RL in
theta, beta, beta1 and beta2 activity in electrode O1 as well as in
alpha and alpha2 activity in electrode P3 was observed.
Penultimate rest interval (25 min, Figure 3) revealed
significant higher power in RL comparing all approaches in theta
in electrode T5 and O1, alpha in electrode P3, alpha2 in electrode
T5, P3 and O1, beta in electrode O1, beta1 in T5, O1, beta2 in
O1, and beta3 in F3 activity. In contrast to DLi, RL approach led
to significant higher alpha and alpha2 in electrode P3, beta in O1
and beta2 power in electrode P3 and O1.
In the last 5 min of recovery (30 min), overall higher power
was determined in RL in beta1 in electrode T5 and beta3 in
F3. Between DLc and RL alpha1 activity in C3 was significant
different with higher values in RL. RL showed in contrast to DLi
higher power in alpha in P3, alpha2 in T5 and P3, beta in T5 and
O1, beta1 in T3, T5 and P3 and beta3 in T5 activity.
Electrocardiography
Statistical analysis revealed no significant differences in pre
rest measurement, except a global effect in Poincaré SD2
[F(2) = 3.857, p = 0.04, Cohen’s d = 1.31] between motor
learning approaches. The pairwise comparison of motor learning
approaches was not significant.
No significant difference was identified between mean HR of
the different training schedules [F(2) = 3.308, p = 0.06, Cohen’s
d = 1.21].
During the 30 min recovery measurement no significant
effect in any HRV parameter between motor learning approaches
could be identified. Regarding analysis of pre to first post
rest measurement each motor learning approach showed
significant changes. Table 4 displays all significant HRV variable
changes dependent on each motor learning approach including
the presentation of relevant statistical parameters. RL had a
significant difference in meanRR, meanHR, NN50 and pNN50.
Both DL approaches showed a clearly higher reduction of NN50
and trivially of pNN50. DLi led to significant changes in the same
parameters as RL with additional significance in LF power. HRV
of DLc changed significantly like RL, but in addition with effects
in SDNN and Poincaré SD2.
Borg Scale of Perceived Exertion and
Mental and Physical State
Comparing the measurement at rest before rope skipping
of all sessions no significant difference in perceived exertion
[χ2(2) = 1.200, p = 0.549], in mental [χ2(2) = 0.667, p = 0.717]
and physical effort [χ2(2) = 0.875, p = 0.646] has been
identified. Immediately after motor learning approach execution
there was a highly significant difference in perceived exertion
[χ2(2) = 10.765, p = 0.005] and mental effort [χ2(2) = 9.135,
p = 0.01], but not for physical effort [χ2(2) = 1.188, p = 0.552].
During 30 min of recovery no significant differences in any of the
parameters were found.
The comparison of DLc and RL showed a highly significant
effect in perceived exertion (Z = −2.675, p = 0.007, Cohen’s
d = 3.17) and mental effort (Z = −2.388, p = 0.017, Cohen’s
d = 2.30) after acute rope skipping. Similar results after acute
training were calculated comparing DLi and RL (perceived
exertion Z = −1.980, p = 0.048; Cohen’s d = 1.61, mental
effort Z = −2.311, p = 0.021, Cohen’s d = 2.14). Between the
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FIGURE 2 | EEG spectral power (only significant effects) of motor learning approaches in first 5 min of recovery after rope skipping. Black bold circles show
significant differences (p < 0.05) in motor learning approach comparison. Scale unit µV2.
differential learning approaches no significant difference over all
measurements was determined.
DISCUSSION
This study aimed to investigate and compare the influence
of different, coordination related motor learning approaches
combined with a medium physical load on EEG brain activity,
metabolism (HRV) and rate of perceived exertion (RPE). In
accordance with the current state of research (Schneider et al.,
2009a), we hypothesized reduced alpha1 activity after rope
skipping, as a rather high intensity activity of short duration. Due
to a clearly shorter exercise duration, a less reduction than after
running for approximately 30 min. (Schneider et al., 2009a) was
expected. Regarding the comparison of different motor learning
approaches (Henz and Schöllhorn, 2016; Henz et al., 2018),
we expected higher theta and alpha activity in somatosensory
and motor areas following DL compared to RL after rope
skipping. HRV analysis should reveal a decrease in HRV for
the DL conditions because of predetermined similar heart rates
and additionally cognitive stress. RPE and mental effort should
indicate a higher rating in DL approaches compared to RL due to
variously executed, coordinative demanding movement tasks.
Rest measurements prior to rope skipping yielded no
significant differences in any of the parameters. Accordingly,
a homogenous initial state regarding brain and heart activity as
well as perceived exertion for all conditions could be assumed.
In consistence with the hypothesis immediately after rope
skipping, RPE was significantly higher for both DL realizations
than for RL, no matter whether the variations were instructed
or self-created. According to significantly higher mental load
and no significant difference in physical exertion, we assume
that the effects of RPE are caused by higher demands of
mental processes in DL. This is supported by insignificantly
varying mean heart rate during rope skipping portending similar
metabolism intensity of motor learning approaches. Between
DLi and DLc no significant effects in perceived exertion were
calculated.
Heart rate variability analysis immediately after strain
indicated no significant effect on motor learning approach,
but effects when comparing pre to first post measurement
in each motor learning approach. Each bout of any motor
learning approach resulted in significant changes of HRV-
related parameters like meanRR, meanHR and NN50 suggesting
cardiovascular strain due to the rope skipping intervention.
Interestingly, DLi led to additionally significant lower LF power,
DLc lowered SDNN and Poincaré SD2 significantly. Both
DL approaches were followed by a clearly higher reduction
of NN50 and pNN50. Thus the hypothesis is verified due
to difference in HRV between motor learning approaches,
portending higher cognitive demands after DL according to
a higher reduction of HRV parameters representing SNS and
especially PNS involvement. Higher cognitive demand, defined
by greater executive task strain and particularly sustained
attention, was correlated with less HRV (Luque-Casado et al.,
2016). Regarding a comparison to brain activity, sustained
attention is described as an executive function linked with the
prefrontal cortex (Alvarez and Emory, 2006). In continuing
recovery time (10–30 min) perceived exertion as well as
HRV did not differ significantly dependent on motor learning
approaches. After 30 min of rest HRV parameters did not
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TABLE 4 | Statistical parameter of significant HRV variables in pre to post exercise comparison.
RL DLc DLi
meanHR Z = −2.803, p = 0.005, d = 3.829 T (9) = −3.988, p = 0.003, d = −1.783 T (9) = −5.243, p < 0.001, d = −2.345
meanRR T (9) = 7.823, p < 0.001, d = 3.499 T (9) = 4.818, p < 0.001, d = 2.155 T (9) = 7.184, p < 0.001, d = 3.213
SDNN T (9) = 2.893, p = 0.018, d = 1.294
NN50 Z = −2.497, p = 0.013, d = 2.574 Z = −2.701, p = 0.007, d = 3.285 Z = −2.599, p = 0.009, d = 2.885
pNN50 Z = −2.803, p = 0.005, d = 3.829 Z = −2.701, p = 0.007, d = 3.285 Z = −2.599, p = 0.009, d = 2.885
LF power Z = −2.293, p = 0.022, d = 2.106
Poincaré SD2 T (9) = 3.167, p = 0.011, d = 1.416
Columns defined by motor learning approach, rows defined by HRV parameter with a significant difference in comparison of pre to first 5 min of post rest measurement,
statistical parameter according to parametric (t-test) or non-parametric (Wilcoxon test) analysis.
return to pre training level indicating no complete cardiovascular
recovery.
Contrary to the expected reduction in alpha1-power after
short, intensive rope skipping, EEG data revealed no significant
intra-conditional effect in any motor learning approach when
comparing pre test to first post rest measurements. Due to
much longer durations of exercise in various other EEG
studies (Schneider et al., 2009a,b; Brümmer et al., 2011a;
Henz and Schöllhorn, 2016; Henz et al., 2018) it could be
questioned, whether the duration of 3 min for a single bout,
in comparison to at least 20 min duration in other studies,
was sufficient to expect effects on brain activity related to the
different conditions. A recent study without neurophysiological
measurements suggesting shorter bouts of aerobic exercise, i.e.,
three 5-min bouts, to foster cognitive performance, provides
evidence for probably likewise positive effects on brain activity
(Gejl et al., 2018). Most intriguingly, already in the first 5 min
after rope skipping EEG-measurements showed significantly
different P3 alpha1 and T5 alpha2 power between motor learning
approaches, attributing RL higher EEG-power in comparison
with DLi and DLc, contradictory to the expectation. Compared
to RL a less relaxed state with reduced electrical activity in
somatosensory areas of the lower body, and in consequence
less somatosensory processing after DLc and especially DLi
is speculated. With respect to lower alpha1 power, both DL
realizations may be interpreted as necessitating more attentional
demands, particularly in areas representing somatosensory
processing (Klimesch et al., 1993). Reduced processing speed
of information (Klimesch, 1999) and reduced working memory
as well as short- and long-term memory processes (Basar
et al., 1997) may be attributed to DL realizations of rope
skipping. The higher RPE and especially the reported mental
exertion after rope skipping in both DL approaches compared
to RL point to the same direction. Similar results revealed the
study of Pauwels et al. (2018) that showed less activation in
sensorimotor areas caused by random contextual interference
schedule compared to repetitive (blocked) training. With regard
to the influence of preferring and being familiar with an exercise
mode on brain activity (Schneider et al., 2009b; Brümmer
et al., 2011a), here the RL approach on rope skipping can be
considered as the most familiar exercise as well as the most
familiar motor learning approach. Hence increased alpha activity
in somatosensory areas after RL in some way confirms the
findings of brain activity related effects of moderate-intense
familiar exercise modes (Brümmer et al., 2011a). However, in
comparison to the interventions that were applied in Brümmer
et al. (2011a), the present rope skipping exercise was considerably
shorter in duration and lead to comparable brain activation.
Due to the increased vertical deflection of the body in general
and especially the head during rope skipping in comparison
to endurance running additional physiological mechanisms
and their interaction with neuromuscular activities should be
considered. Beside the rhythmic activation of the leg and trunk
muscles during ground contact in combination with the heart
and breathing rhythm, also the cyclic changes of the blood
pressure and in consequence the rhythmic activation of the vagal
system can be assumed as influential parameters. However, only
an indirect influence of the 2 Hz skipping frequency is assumed
because of two reasons. Firstly, the effect is not observed in
both DL conditions despite the same skipping frequency, and
secondly, the frequency of 2 Hz corresponds to a frequency
band that differs from the identified changes in the EEG alpha
(8–13 Hz) and theta (4–7.5 Hz) band. Whether the increased and
specific mechanical vibrations of tissues and liquids, caused by
rhythmic rope skipping, have a retroactive influence on the neural
signal transmission demands for further research. Due to the
jumping frequency of approximately 2 Hz during rope skipping
a modulation of human microvibration (Rohracher, 1962) could
occur that may result in an influence on brain activity. Future
investigation should evaluate the effect of different evoked
mechanical vibration rates on brain activity. In this context the
assumed familiarity of the movement as a cause for the observed
EEG phenomena in Brümmer et al. (2011a) could also have been
caused by means of the changed vertical deflections and stride
frequency that resulted from running with 80–85% intensity.
In comparison to Henz et al. (2018), who identified higher
alpha power in somatosensory regions in the DL group after
a single bout of a coordinative more demanding learning task,
our EEG results differ for the DL groups. In this case a one
by one comparison suffers from different objectives and in
consequence from different study designs. During the badminton
serve task the subjects in Henz et al. (2018) had a substantially
lower metabolism strain due to at least 10 s break between
two subsequent movements preparing the execution of the
coordinative instruction. Furthermore, not only one movement
parameter was changed by each movement execution but up
to three without any time pressure. The observed increase of
theta frequency power in the frontal area after a DL (Henz
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FIGURE 3 | EEG spectral power (only significant effects) of motor learning
approaches in penultimate 5 min of recovery. Black bold circles show
significant differences (p < 0.05) in motor learning approach comparison.
Scale unit µV2.
et al., 2018) schedule have led to the speculation that the larger
amount of combinations within a shorter time provoked a
kind of overloading in the control instance that was followed
by a qualitative mental change in terms of switching off the
control. In comparison, during the present study subjects in
the DL schedules had much higher time pressure due to a
much tighter rhythm with additional coordinative stress either
instructed externally or created by themselves. This combination
of physical and mental strain seems to hinder switching off the
frontal control area and in consequence the other effects seem
to be afflicted as well. This speculation is also supported by a
study determining an inhibition of self-related brain regions, i.e.,
medial prefrontal and medial posterior parietal cortex, during a
sensorimotor processing task with 1 Hz stimuli rate compared to
rest condition and slower rate of stimuli (0.3 Hz) (Goldberg et al.,
2006). An even higher rate of stimuli of 2 Hz like in the present
study could have led to a further inhibition of these brain regions.
Analysis of the second rest interval (10 min) after rope
skipping showed no significant effects on EEG measurements
between motor learning approaches as well as in comparison
to pre rest measurement. This could be related to the duration
of possible short-term effect detection. Bailey et al. (2008)
described a return of brain activity to pre-exercise levels
after 10 min recovery, but subjects performed a graded
exercise test until volitional fatigue on a recumbent cycle
ergometer. Because of a different training duration and intensity
as well as due to an assumed higher fatigue level at the
end, a comparison with this study should be handled with
care.
Subsequent recovery time (15–30 min) revealed significant
differences in O1 theta and beta, P3 alpha and T5 alpha2 and
beta1 as well as F3 beta3 power with highest power in RL. Like
in the first post rest measurement reduced electrical activation
after DL compared to RL is speculated in sensory areas that are
associated with the lower body. The effects and interpretations of
the first 5 min of post measurement seem to persist throughout
the 30 min of recovery. Reduced beta1 activity could be indicated
to minor focused concentration in sensory perception processes
after DL compared to RL (Abhang et al., 2016). Furthermore, less
activation in visual areas could be attributed to DL training. Thus
processing of sensorimotor information in areas corresponding
visual functions seems to be reduced (Cheron et al., 2016). Less
low-beta frequency may indicate higher sympathetic activity of
both DL realizations during recovery (Triggiani et al., 2016)
strengthening the interpretation of higher cognitive demands
during and after DL based on the HRV results. Concerning
higher beta3 power of F3, lower stress and arousal (Abhang
et al., 2016) in areas that are associated with impulsion, logical
thinking and reasoning in DL versus RL could be speculated. In
this context the implemented type of rest measurement during
recovery might have been critical. Sitting on a chair and focusing
a symbol on the wall with eyes open may induce a tiresome state
over time. After training without noteworthy mental strain, like
in RL, higher visual processing as well as stress in impulsion
and reasoning may evolve as a counteraction to falling asleep.
Marginal mental strain in RL is supported by the results of
perceived (mental) exertion. In general, we speculate that the
reduced activation in somatosensory areas can be considered as
a consequence of exceeding the capacity of working memory due
to sensorimotor and cognitive demand under time pressure in the
DL setup. Whether the excess has been provoked by continuously
created tasks, by being confronted with new tasks under time
pressure, or by an ongoing evaluation of the executed movement
and the individual coping of errors, requires further research.
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Parallels with studies that revealed interfered performance
directly after schedules with high (random) CI in comparison to
low (blocked) CI (Shea and Morgan, 1979) combined with the
found reduced EEG activity immediately after high CI (Budde
et al., 2008; Henz and Schöllhorn, 2016; Henz et al., 2018),
lead to the speculation of the same underlying mechanism for
both phenomena. Because of a repeatedly observed relaxation
from this interfered performance in retention tests of CI
studies, it would be of interest, whether same effects could
be observed in a follow up test on the subsequent day after
DL. Similar to the effects in CI studies, a reduced brain
activity after a single bout of DL training could change
completely after sleep for a benefit on the following practice
day or retention test. This suggestion is supported by a
CI study showing increased off-line learning after random
compared to blocked training (Wymbs and Grafton, 2009). But
subjects were given unlimited amount of time to prepare task
responses. However, effects of a single bout of rope skipping
are hardly to be compared with a series of rope skipping
sessions.
A first coarse insight into the dependency of the character of
cognitive strain on self-created (DLc) exercises or instructed ones
(DLi) with additional physiological load was tried to be achieved
by means of two versions of DL schedules. Comparing DLi
and DLc, no statistically significant effects in any measurement
parameter were found. However, DLi is assumed to necessitate
more resources due to more significant changes than DLc in
comparison to RL. This might be caused by unexpected varying
task instructions in DLi. DLc instead is defined as choosing
following movement variations and their execution on its own.
A larger amount of consecutive chaotic tasks is probably reached
in DLi as well. In comparison DLc is likely more restricted with
respect to (time-)limited mental task repertoire of the subjects.
For a more detailed comparison of DL methods, evaluating
the quality and quantity of task execution may help in future
research.
At least, according to the original interpretation of Fisher
statistics the few significant results provide enough basis to be
encouraged to go for more similar studies.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this manuscript will
be made available by the authors, without undue reservation, to
any qualified researcher.
AUTHOR CONTRIBUTIONS
Both authors listed have made a substantial, direct and
intellectual contribution to the work, and approved it for
publication.
REFERENCES
Abhang, P. A., Gawali, B. W., and Mehrotra, S. C. (2016). “Technical aspects of
brain rhythms and speech parameters,” in Introduction to EEG- and Speech-
Based Emotion Recognition, eds P. A. Abhang, B. W. Gawali, and S. C. Mehrotra
(Cambridge, MA: Academic Press), 51–79. doi: 10.1016/B978-0-12-804490-2.
00003-8
Alvarez, J. A., and Emory, E. (2006). Executive function and the frontal lobes: a
meta-analytic review. Neuropsychol. Rev. 16, 17–42. doi: 10.1007/s11065-006-
9002-x
Bähr, M., and Frotscher, M. (2009). Neurologisch-topische Diagnostik. Anatomie –
Funktion – Klinik [Neurologic-topical diagnosis. Anatomy – Function – Clinic].
Stuttgart: Thieme.
Bailey, S. P., Hall, E. E., Folger, S. E., and Miller, P. C. (2008). Changes in EEG
during graded exercise on a recumbent cycle ergometer. J. Sports Sci. Med. 7,
505–511.
Baker, S. N. (2007). Oscillatory interactions between sensorimotor cortex and the
periphery. Curr. Opin. Neurobiol. 17, 649–655. doi: 10.1016/j.conb.2008.01.007
Bas¸ar, E., Schürmann, M., Bas¸ar-Eroglu, C., and Karakas¸, S. (1997). Alpha
oscillations in brain functioning: an integrative theory. Int. J. Psychophysiol. 26,
5–29. doi: 10.1016/S0167-8760(97)00753-8
Baumeister, J., Reinecke, K., Liesen, H., and Weiss, M. (2008). Cortical activity of
skilled performance in a complex sports related motor task. Eur. J. Appl. Physiol.
104, 625–631. doi: 10.1007/s00421-008-0811-x
Beckmann, H., and Schöllhorn, W. I. (2006). Differenzielles lernen im Kugelstoßen
[Differential learning in shot put]. Leistungssport 36, 44–50.
Borg, G. A. V. (1982). Psychophysical bases of perceived exertion. Med. Sci. Sports
Exerc. 14, 377–381. doi: 10.1249/00005768-198205000-00012
Brady, F. (2004). Contextual interference: a meta-analytic study. Percept. Mot. Skills
99, 116–126. doi: 10.2466/pms.99.1.116-126
Brümmer, V., Schneider, S., Abel, T., Vogt, T., and Strüder, H. K. (2011a). Brain
cortical activity is influenced by exercise mode and intensity. Med. Sci. Sports
Exerc. 43, 1863–1872. doi: 10.1249/MSS.0b013e3182172a6f
Brümmer, V., Schneider, S., Strüder, H. K., and Askew, C. D. (2011b).
Primary motor cortex activity is elevated with incremental exercise
intensity. Neuroscience 181, 150–162. doi: 10.1016/j.neuroscience.2011.
02.006
Budde, H., Voelcker-Rehage, C., Pietraßyk-Kendziorra, S., Ribeiro, P., and
Tidow, G. (2008). Acute coordinative exercise improves attentional
performance in adolescents. Neurosci. Lett. 441, 219–223. doi: 10.1016/j.
neulet.2008.06.024
Buschkuehl, M., Jaeggi, S. M., and Jonides, J. (2012). Neuronal effects following
working memory training. Dev. Cogn. Neurosci. 2(Suppl. 1), S167–S179.doi:
10.1016/j.dcn.2011.10.001
Cavanagh, J. F., and Frank, M. J. (2014). Frontal theta as a mechanism for
cognitive control. Trends Cogn. Sci. 18, 414–421. doi: 10.1016/j.tics.2014.
04.012
Cavanagh, J. F., and Shackman, A. J. (2015). Frontal midline theta reflects anxiety
and cognitive control: Meta-analytic evidence. J. Physiol. Paris 109, 3–15.doi:
10.1016/j.jphysparis.2014.04.003
Chang, Y.-K., Ku, P.-W., Tomporowski, P. D., Chen, F.-T., and Huang, C.-
C. (2012a). Effects of acute resistance exercise on late-middle-age adults’
goal planning. Med. Sci. Sports Exerc. 44, 1773–1779. doi: 10.1249/MSS.
0b013e3182574e0b
Chang, Y. K., Labban, J. D., Gapin, J. I., and Etnier, J. L. (2012b). The effects of acute
exercise on cognitive performance: a meta-analysis. Brain Res. 1453, 87–101.
doi: 10.1016/j.brainres.2012.02.068
Chang, Y.-K., Tsai, C.-L., Huang, C.-C., Wang, C.-C., and Chu, I.-H. (2014). Effects
of acute resistance exercise on cognition in late middle-aged adults: general
or specific cognitive improvement? J. Sci. Med. Sport 17, 51–55. doi: 10.1016/
j.jsams.2013.02.007
Cheron, G., Petit, G., Cheron, J., Leroy, A., Cebolla, A., Cevallos, C., et al. (2016).
Brain oscillations in sport: toward EEG biomarkers of performance. Front.
Psychol. 7:246. doi: 10.3389/fpsyg.2016.00246
Coe, D. P., Pivarnik, J. M., Womack, C. J., Reeves, M. J., and Malina, R. M.
(2006). Effect of physical education and activity levels on academic achievement
in children. Med. Sci. Sports Exerc. 38, 1515–1519. doi: 10.1249/01.mss.
0000227537.13175.1b
Cox, E. P., O’Dwyer, N., Cook, R., Vetter, M., Cheng, H. L., Rooney, K., et al. (2016).
Relationship between physical activity and cognitive function in apparently
Frontiers in Behavioral Neuroscience | www.frontiersin.org 14 December 2018 | Volume 12 | Article 311
fnbeh-12-00311 December 7, 2018 Time: 16:19 # 15
John and Schöllhorn Electrophysiological Effects of Variable Exercise
healthy young to middle-aged adults: a systematic review. J. Sci. Med. Sport 19,
616–628. doi: 10.1016/j.jsams.2015.09.003
Crabbe, J. B., and Dishman, R. K. (2004). Brain electrocortical activity during
and after exercise: a quantitative synthesis. Psychophysiology 41, 563–574.doi:
10.1111/j.1469-8986.2004.00176.x
Crupi, D., Cruciata, G., Moisello, C., Green, P.-A., Naro, A., Ricciardi, L., et al.
(2013). Protracted exercise without overt neuromuscular fatigue influences
cortical excitability. J. Mot. Behav. 45, 127–138. doi: 10.1080/00222895.2012.
760514
Dong, J.-G. (2016). The role of heart rate variability in sports physiology. Exp. Ther.
Med. 11, 1531–1536. doi: 10.3892/etm.2016.3104
Doppelmayr, M., Finkenzeller, T., and Sauseng, P. (2008). Frontal midline theta in
the pre-shot phase of rifle shooting: differences between experts and novices.
Neuropsychologia 46, 1463–1467. doi: 10.1016/j.neuropsychologia.2007.12.026
Engel, A. K., and Fries, P. (2010). Beta-band oscillations - signalling the status quo?
Curr. Opin. Neurobiol. 20, 156–165. doi: 10.1016/j.conb.2010.02.015
Etnier, J. L., Salazar, W., Landers, D. M., Petruzzello, S. J., Han, M., and
Nowell, P. (1997). The influence of physical fitness and exercise upon cognitive
functioning: a meta-analysis. J. Sport Exerc. Psychol. 19, 249–277. doi: 10.1123/
jsep.19.3.249
Frank, T. D., Michelbrink, M., Beckmann, H., and Schöllhorn, W. I. (2008).
A quantitative dynamical systems approach to differential learning: Self-
organization principle and order parameter equations. Biol. Cybern. 98, 19–31.
doi: 10.1007/s00422-007-0193-x
Gejl, A. K., Bugge, A., Ernst, M. T., Tarp, J., Hillman, C. H., Have, M., et al. (2018).
The acute effects of short bouts of exercise on inhibitory control in adolescents.
Ment. Health Phys. Act. 15, 34–39. doi: 10.1016/j.mhpa.2018.06.003
Ghilardi, M.-F., Ghez, C., Dhawan, V., Moeller, J., Mentis, M., Nakamura, T., et al.
(2000). Patterns of regional brain activation associated with different forms of
motor learning. Brain Res. 871, 127–145. doi: 10.1016/S0006-8993(00)02365-9
Glansdorff, P., and Prigogine, I. (1971). Thermodynamics Theory of Structure,
Stability and Fluctuations. London: Wiley-Interscience.
Goldberg, I. I., Harel, M., and Malach, R. (2006). When the brain loses its self:
Prefrontal inactivation during sensorimotor processing. Neuron 50, 329–339.
doi: 10.1016/j.neuron.2006.03.015
Grunwald, M., Weiss, T., Krause, W., Beyer, L., Rost, R., Gutberlet, I., et al. (1999).
Power of theta waves in the EEG of human subjects increases during recall of
haptic information. Neurosci. Lett. 260, 189–192. doi: 10.1016/S0304-3940(98)
00990-2
Gundel, A., and Hilbig, A. (1983). Circadian acrophases of powers and
frequencies in the waking EEG. Int. J. Neurosci. 22, 125–133. doi: 10.3109/
00207459308987391
Haken, H. (1970). “Laser theory,” in Light and Matter Ic, ed. L. Genzel (Berlin:
Springer), 1–304.
Haken, H., Kelso, J. A. S., and Bunz, H. (1985). A theoretical model of phase
transitions in human hand movements. Biol. Cybern. 51, 347–356. doi: 10.1007/
BF00336922
Harmony, T. (2013). The functional significance of delta oscillations in cognitive
processing. Front. Integr. Neurosci. 7:83. doi: 10.3389/fnint.2013.00083
Hegen, P., and Schöllhorn, W. I. (2012). Lernen an Unterschieden und nicht
durch Wiederholungen [Learning by differences and not by repetition].
Fussballtraining 3, 30–37.
Henz, D., John, A., Merz, C., and Schöllhorn, W. I. (2018). Post-task effects on EEG
brain activity differ for various differential learning and contextual interference
protocols. Front. Hum. Neurosci. 12:19. doi: 10.3389/fnhum.2018.00019
Henz, D., and Schöllhorn, W. I. (2016). Differential training facilitates early
consolidation in motor learning. Front. Behav. Neurosci. 10:199. doi: 10.3389/
fnbeh.2016.00199
Herrmann, C. S., Munk, M. H. J., and Engel, A. K. (2004). Cognitive functions
of gamma-band activity: memory match and utilization. Trends Cogn. Sci. 8,
347–355. doi: 10.1016/j.tics.2004.06.006
Hillman, C. H., Erickson, K. I., and Kramer, A. F. (2008). Be smart, exercise your
heart: exercise effects on brain and cognition. Nat. Rev. Neurosci. 9, 58–65.
doi: 10.1038/nrn2298
Hsieh, L.-T., and Ranganath, C. (2014). Frontal midline theta oscillations
during working memory maintenance and episodic encoding and retrieval.
Neuroimage 85(Pt 2), 721–729. doi: 10.1016/j.neuroimage.2013.08.003
Humpert, V., and Schöllhorn, W. I. (2006). “Vergleich von
techniktrainingsansätzen zum tennisaufschlag [Comparison of technical
training approaches to the tennis serve,” in Trainingswissenschaft im
Freizeitsport, eds A. Ferrauti and H. Remmert (Hamburg: Czwalina),
121–124.
Jensen, O., Kaiser, J., and Lachaux, J.-P. (2007). Human gamma-frequency
oscillations associated with attention and memory. Trends Neurosci. 30, 317–
324. doi: 10.1016/j.tins.2007.05.001
Kandel, E., Schwartz, J., and Jessell, T. (1995). Neurowissenschaften: Eine
Einführung Neuroscience: An introduction. Berlin: Springer.
Klimesch, W. (1999). EEG alpha and theta oscillations reflect cognitive and
memory performance: a review and analysis. Brain Res. Rev. 29, 169–195.
doi: 10.1016/S0165-0173(98)00056-3
Klimesch, W., Pfurtscheller, G., and Schimke, H. (1993). ERD—attentional and
cognitive processes in the upper and lower alpha band. Electroencephalogr. Clin.
Neurophysiol. 87:133. doi: 10.1016/0013-4694(93)91490-R
Knyazev, G. G. (2012). EEG delta oscillations as a correlate of basic homeostatic
and motivational processes. Neurosci. Biobehav. Rev. 36, 677–695. doi: 10.1016/
j.neubiorev.2011.10.002
Kuo, C.-C., Luu, P., Morgan, K. K., Dow, M., Davey, C., Song, J., et al. (2014).
Localizing movement-related primary sensorimotor cortices with multi-band
EEG frequency changes and functional MRI. PLoS One 9:e112103. doi: 10.1371/
journal.pone.0112103
Kuo, T. B., Lin, T., Yang, C. C., Li, C. L., Chen, C. F., and Chou, P. (1999). Effect of
aging on gender differences in neural control of heart rate. Am. J. Physiol. 277,
H2233–H2239. doi: 10.1152/ajpheart.1999.277.6.H2233
Kupari, M., Virolainen, J., Koskinen, P., and Tikkanen, M. J. (1993). Short-term
heart rate variability and factors modifying the risk of coronary artery disease in
a population sample. Am. J. Cardiol. 72, 897–903. doi: 10.1016/0002-9149(93)
91103-O
Lage, G. M., Ugrinowitsch, H., Apolinário-Souza, T., Vieira, M. M., Albuquerque,
M. R., and Benda, R. N. (2015). Repetition and variation in motor practice: a
review of neural correlates. Neurosci. Biobehav. Rev. 57, 132–141. doi: 10.1016/
j.neubiorev.2015.08.012
Laitinen, T., Hartikainen, J., Vanninen, E., Niskanen, L., Geelen, G., and
Länsimies, E. (1998). Age and gender dependency of baroreflex sensitivity in
healthy subjects. J. Appl. Physiol. 84, 576–583. doi: 10.1152/jappl.1998.84.2.576
Lakatos, P., Karmos, G., Mehta, A. D., Ulbert, I., and Schroeder, C. E. (2008).
Entrainment of neuronal oscillations as a mechanism of attentional selection.
Science 320, 110–113. doi: 10.1126/science.1154735
Lambourne, K., and Tomporowski, P. (2010). The effect of exercise-induced
arousal on cognitive task performance: a meta-regression analysis. Brain Res.
1341, 12–24. doi: 10.1016/j.brainres.2010.03.091
Landsness, E. C., Ferrarelli, F., Sarasso, S., Goldstein, M. R., Riedner, B. A.,
Cirelli, C., et al. (2011). Electrophysiological traces of visuomotor learning
and their renormalization after sleep. Clin. Neurophysiol. 122, 2418–2425.doi:
10.1016/j.clinph.2011.05.001
Ludyga, S., Gerber, M., Brand, S., Holsboer-Trachsler, E., and Pühse, U. (2016a).
Acute effects of moderate aerobic exercise on specific aspects of executive
function in different age and fitness groups: a meta-analysis. Psychophysiology
53, 1611–1626. doi: 10.1111/psyp.12736
Ludyga, S., Gronwald, T., and Hottenrott, K. (2016b). Effects of high vs. low
cadence training on cyclists’ brain cortical activity during exercise. J. Sci. Med.
Sport 19, 342–347. doi: 10.1016/j.jsams.2015.04.003
Luque-Casado, A., Perales, J. C., Cárdenas, D., and Sanabria, D. (2016). Heart rate
variability and cognitive processing: the autonomic response to task demands.
Biol. Psychol. 113, 83–90. doi: 10.1016/j.biopsycho.2015.11.013
Magill, R. A., and Hall, K. G. (1990). A review of the contextual interference effect in
motor skill acquisition. Hum. Mov. Sci. 9, 241–289. doi: 10.1016/0167-9457(90)
90005-X
Makeig, S., Bell, A., Jung, T., and Sejnowski, T. (1996). Independent component
analysis of electroencephalographic data. Adv. Neural Inf. Process. Syst. 8,
145–151.
Malik, A. S., and Amin, H. U. (2017). “Designing an EEG experiment,” in Designing
EEG Experiments for Studying the Brain, eds A. S. Malik and H. U. Amin
(Amsterdam: Elsevier), 1–30.
McMorris, T., Hale, B. J., Corbett, J., Robertson, K., and Hodgson, C. I. (2015).
Does acute exercise affect the performance of whole-body, psychomotor skills
in an inverted-U fashion? A meta-analytic investigation. Physiol. Behav. 141,
180–189. doi: 10.1016/j.physbeh.2015.01.010
Mechau, D., Mücke, S., Liesen, H., and Weiss, M. (1998). Effect of increasing
running velocity on electroencephalogram in a field test. Eur. J. Appl. Physiol.
78, 340–345. doi: 10.1007/s004210050429
Frontiers in Behavioral Neuroscience | www.frontiersin.org 15 December 2018 | Volume 12 | Article 311
fnbeh-12-00311 December 7, 2018 Time: 16:19 # 16
John and Schöllhorn Electrophysiological Effects of Variable Exercise
Moisello, C., Meziane, H. B., Kelly, S., Perfetti, B., Kvint, S., Voutsinas, N., et al.
(2013). Neural activations during visual sequence learning leave a trace in
post-training spontaneous EEG. PLoS One 8:e65882. doi: 10.1371/journal.pone.
0065882
Osaka, M. (1984). Peak alpha frequency of EEG during a mental task: Task
difficulty and hemispheric differences. Psychophysiology 21, 101–105. doi: 10.
1111/j.1469-8986.1984.tb02325.x
Pauwels, L., Chalavi, S., Gooijers, J., Maes, C., Albouy, G., Sunaert, S., et al. (2018).
Challenge to promote change: the neural basis of the contextual interference
effect in young and older adults. J. Neurosci. 38, 3333–3345. doi: 10.1523/
JNEUROSCI.2640-17.2018
Perfetti, B., Moisello, C., Landsness, E. C., Kvint, S., Lanzafame, S., Onofrj, M.,
et al. (2011). Modulation of gamma and theta spectral amplitude and phase
synchronization is associated with the development of visuo-motor learning.
J. Neurosci. 31, 14810–14819. doi: 10.1523/JNEUROSCI.1319-11.2011
Pesce, C. (2012). Shifting the focus from quantitative to qualitative exercise
characteristics in exercise and cognition research. J. Sport Exerc. Psychol. 34,
766–786. doi: 10.1123/jsep.34.6.766
Pesce, C., and Audiffren, M. (2011). Does acute exercise switch off switch costs?
A study with younger and older athletes. J. Sport Exerc. Psychol. 33, 609–626.
doi: 10.1123/jsep.33.5.609
Rohracher, H. (1962). Permanente rhythmische mikrobewegungen des
warmblüter-organismus (“Mikrovibration”) [Permanent rhythmic
micro-movements of the warm-blooded organism (microvibration“)].
Naturwissenschaften 49, 145–150. doi: 10.1007/BF00640123
Römer, J., Schöllhorn, W. I., Jaitner, T., and Preiss, R. (2009). Differenzielles lernen
im volleyball [Differential learning in volleyball]. Sportunterricht 58, 41–45.
Savelsbergh, G. J. P., Kamper, W. J., Rabius, J., Koning, J. J. D., and Schöllhorn, W.
(2010). A new method to learn to start in speed skating: a differencial learning
approach. Int. J. Sport Psychol. 41, 415–427.
Savostyanov, A. N., Tsai, A. C., Liou, M., Levin, E. A., Lee, J.-D., Yurganov,
A. V., et al. (2009). EEG-correlates of trait anxiety in the stop-signal paradigm.
Neurosci. Lett. 449, 112–116. doi: 10.1016/j.neulet.2008.10.084
Schneider, S., Askew, C. D., Diehl, J., Mierau, A., Kleinert, J., Abel, T., et al. (2009a).
EEG activity and mood in health orientated runners after different exercise
intensities. Physiol. Behav. 96, 709–716. doi: 10.1016/j.physbeh.2009.01.007
Schneider, S., Brümmer, V., Abel, T., Askew, C. D., and Strüder, H. K. (2009b).
Changes in brain cortical activity measured by EEG are related to individual
exercise preferences. Physiol. Behav. 98, 447–452. doi: 10.1016/j.physbeh.2009.
07.010
Schoffelen, J.-M., Oostenveld, R., and Fries, P. (2005). Neuronal coherence as
a mechanism of effective corticospinal interaction. Science 308, 111–113.doi:
10.1126/science.1107027
Schöllhorn, W. I. (2000). Applications of systems dynamic principles to technique
and strength training. Acta Acad. Olympiquae Estoniae 8, 67–85.
Schöllhorn, W. I. (2016). Invited commentary: differential learning is different
from contextual interference learning. Hum. Mov. Sci. 47, 240–245. doi: 10.
1016/j.humov.2015.11.018
Schöllhorn, W. I., Beckmann, H., Janssen, D., and Drepper, J. (2009a). “Stochastic
perturbations in athletics field events enhances skill acquisition,” in Motor
Learning in Practice, eds I. Renshaw, K. Davids, and G. J. P. Savelsbergh
(London: Routledge), 69–82.
Schöllhorn, W. I., Michelbrink, M., Welminski, D., and Davids, K. W. (2009b).
“Increasing stochastic perturbations enhances acquisition and learning of
complex sport movements,” in Perspectives on Cognition and Action in Sport, eds
D. Aurajo, H. Ripoll, and M. Raab (Hauppauge, NY: Nova Publishers),59–73.
Schöllhorn, W. I., Michelbrink, M., Beckmann, H., Sechelmann, M., Trockel, M.,
and Davids, K. W. (2006). Does noise provide a basis for the unification of
motor learning theories? Int. J. Sport Psychol. 37, 34–42.
Schöllhorn, W. I., Sechelmann, M., Trockel, M., and Westers, R. (2004). Nie das
Richtige trainieren, um richtig zu spielen [Never train the right one to play
properly]. Leistungssport 34, 13–17.
Schroeder, C. E., and Lakatos, P. (2009). Low-frequency neuronal oscillations as
instruments of sensory selection. Trends Neurosci. 32, 9–18. doi: 10.1016/j.tins.
2008.09.012
Serrien, B., Tassignon, B., Baeyens, J.-P., and Clijsen, R. (2018). Theoretical
and empirical appraisal of differential motor learning: systematic review
and meta-analysis. SportRxiv [Preprint]. Available at: https://osf.io/preprints/
sportrxiv/6jqeg (Accessed August 20, 2018).
Serrien, D. J., Ivry, R. B., and Swinnen, S. P. (2006). Dynamics of hemispheric
specialization and integration in the context of motor control. Nat. Rev.
Neurosci. 7, 160–166. doi: 10.1038/nrn1849
Shaffer, F., and Ginsberg, J. P. (2017). An overview of heart rate variability metrics
and norms. Front. Public Health 5:258. doi: 10.3389/fpubh.2017.00258
Shea, J. B., and Morgan, R. L. (1979). Contextual interference effects on the
acquisition, retention, and transfer of a motor skill. J. Exp. Psychol. Hum. Learn.
Mem. 5, 179–187. doi: 10.1037/0278-7393.5.2.179
Sun, T., and Walsh, C. A. (2006). Molecular approaches to brain asymmetry and
handedness. Nat. Rev. Neurosci. 7, 655–662. doi: 10.1038/nrn1930
Tanaka, S., Sandrini, M., and Cohen, L. G. (2011). Modulation of motor learning
and memory formation by non-invasive cortical stimulation of the primary
motor cortex. Neuropsychol. Rehabil. 21, 650–675. doi: 10.1080/09602011.2011.
605589
Tarvainen, M. P., Ranta-aho, P. O., and Karjalainen, P. A. (2002). An advanced
detrending method with application to HRV analysis. IEEE Trans. Biomed. Eng.
49, 172–175. doi: 10.1109/10.979357
Tomporowski, P. D. (2003). Effects of acute bouts of exercise on cognition. Acta
Psychol. 112, 297–324. doi: 10.1016/S0001-6918(02)00134-8
Tomporowski, P. D., and Pendleton, D. M. (2018). Effects of the timing of acute
exercise and movement complexity on young adults’ psychomotor learning.
J. Sport Exerc. Psychol. 40, 240–248. doi: 10.1123/jsep.2017-0289
Triggiani, A. I., Valenzano, A., Del Percio, C., Marzano, N., Soricelli, A., Petito, A.,
et al. (2016). Resting state Rolandic mu rhythms are related to activity of
sympathetic component of autonomic nervous system in healthy humans. Int.
J. Psychophysiol. 103, 79–87. doi: 10.1016/j.ijpsycho.2015.02.009
Umetani, K., Singer, D. H., McCraty, R., and Atkinson, M. (1998). Twenty-four
hour time domain heart rate variability and heart rate: relations to age and
gender over nine decades. J. Am. Coll. Cardiol. 31, 593–601. doi: 10.1016/S0735-
1097(97)00554-8
Wackermann, J., and Matousek, M. (1998). From the ’EEG age’ to a rational scale of
brain electric maturation. Electroencephalogr. Clin. Neurophysiol. 107, 415–421.
doi: 10.1016/S0013-4694(98)00090-X
Wada, Y., Takizawa, Y., Jiang, Z. Y., and Yamaguchi, N. (1994). Gender differences
in quantitative EEG at rest and during photic stimulation in normal young
adults. Clin. Electroencephalogr. 25, 81–85. doi: 10.1177/155005949402500209
Wagner, H., and Müller, E. (2008). The effects of differential and variable training
on the quality parameters of a handball throw. Sports Biomech. 7, 54–71.doi:
10.1080/14763140701689822
Wilson, F. N., Johnston, F. D., Rosenbaum, F. F., Erlanger, H., Kossmann, C. E.,
Hecht, H., et al. (1944). The precordial electrocardiogram. Am. Heart. J. 27,
19–85. doi: 10.1016/S0002-8703(44)90603-4
Wright, D., Verwey, W., Buchanen, J., Chen, J., Rhee, J., and Immink, M.
(2016). Consolidating behavioral and neurophysiologic findings to explain the
influence of contextual interference during motor sequence learning. Psychon.
Bull. Rev. 23, 1–21. doi: 10.3758/s13423-015-0887-3
Wymbs, N. F., and Grafton, S. T. (2009). Neural substrates of practice structure
that support future off-line learning. J. Neurophysiol. 102, 2462–2476. doi: 10.
1152/jn.00315.2009
Zaepffel, M., Trachel, R., Kilavik, B. E., and Brochier, T. (2013). Modulations of
EEG beta power during planning and execution of grasping movements. PLoS
One 8:e60060. doi: 10.1371/journal.pone.0060060
Zschocke, S., and Hansen, H. (2012). Klinische Elektroenzephalographie [Clinical
Electroencephalography]. Berlin: Springer. doi: 10.1007/978-3-642-19943-1
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2018 John and Schöllhorn. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.
Frontiers in Behavioral Neuroscience | www.frontiersin.org 16 December 2018 | Volume 12 | Article 311
